In order to clarify vortex structures and vortex scales on an unsteady airfoil in a low Reynolds number region, we have visualized the flow around unsteady airfoils, such as a pitching airfoil and a heaving airfoil, at Re = 4 000 using two visualization techniques, dye flow and schlieren visualizations. In particular, we focus on dynamic behaviors of vortices shed from a leading edge, the number of vortex sheddings and their scales. At a low nondimensional pitching rate in a pitching airfoil, a number of discrete vortices were shed from the leading edge and their scale was markedly small. At a high nondimensional pitching rate in a pitching airfoil, on the other hand, the number of vortex sheddings from the leading edge in one cycle was low. However, their scale was approximately one-fourth the chord length.
Introduction
It is well known that a flow field around a moving airfoil, which is a typical unsteady flow, is extremely complicated since there are a number of parameters and dynamic behaviors of vortices that characterize such a flow. A number of studies on unsteady flow around a moving airfoil have been carried out through numerical and experimental approaches (1) , (2) . Most of them, however, focused on high Reynolds number regions over Re = 10 6 . Recently, a few studies on unsteady flows in low Reynolds number regions have been attracting attention since micro-electromechanical systems (MEMS)) (3) , (4) have been improved with the aim of flow control and the development of the micro-air-vehicle (MAV) and micro-flight robot (5) , (6) . This flow field has also attracted significant attention in biohydrodynamics bacause there is a great need to understand the propulsion mechanisms of aquatic animals, birds and insects.
Sunada et al. (7) , Fuchiwaki et al. (8) and Sato and Sunada (9) reported the characteristics of steady forces acting on several kinds of airfoils in a low Reynolds number region. Fuchiwaki et al. visualized the discrete vortices shed from the leading and trailing edges of a pitching airfoil in a low Reynolds number region, and reported structures of unsteady separations around a pitching air-foil (10) . Oshima et al. (11) and Shih et al. (12) measured velocity distributions around a pitching airfoil by partical image velocimetry (PIV). Broeren et al. showed spanwise variations in an unsteady stalling flow field around an airfoil and reported the stalling characteristics of several airfoils (13) . Moreover, a study on vortex flow behind an unsteady airfoil in a low Reynolds number region has been reported recently. Lai and Platzer performed visualization and the laser doppler velocimetry (LDV) measurements of a wake on a plunging airfoil and reported that the vortex flow patterns changed from a drag-producing pattern to a thrust-producing pattern as the nondimensional plunging rate increased (14) . Peter visualized a wake structure of a pitching airfoil (15) . Koochesfahani visualized the wake of a pitching airfoil and reported the two-and three-dimensional structures of the wake (16) . Fuchiwaki and Tanaka visualized two-dimensional structures of the wake behind a pitching airfoil with a high nondimensional pitching rate (17) . However, the detailed vortex structures and vortex scales of the flow field around a moving airfoil have not been sufficiently understood.
The purpose of the present study is to clarify the vortex structure and vortex scales on an unsteady airfoil, such as a pitching airfoil and a heaving airfoil, in a low Reynolds number region. We visualize the flow around unsteady airfoils using two visualization techniques, dye flow and schlieren visualizations. In particular, we focus on dynamic behaviors of vortices shed from a leading edge, the number of vortex sheddings and their scales. 
1 Dye flow visualization system
The experimental apparatus for dye flow visualization consisted of a water tunnel, a test airfoil, equipment for driving pitching and heaving motions, a halogen light sheet source, a plane mirror, a 30-frames/second digital video camera and two types of dyes, as shown in Fig. 1 . The dimension of the test section in the water tunnel was 0.7 m in length, 0.3 m in width and 0.2 m in depth.
We tested two types of airfoils, NACA65-0910 and blunt trailing edge (BTE), as shown in Fig. 2 . The chord and span in all airfoils were c = 0.06 m and l = 0.20 m in lengths, respectively. The airfoils had chambers and different thickness distributions. NACA65-0910 had a round leading edge and a sharp trailing edge, and BTE had a sharp leading edge and a thick trailing edge. They had several pinholes on the suction surface to be used for dye flow visualization. The pinholes had slight different depths to maintain the spanwise independence of dye flows and their diameter was d = 0.5 mm. Two types of dyes, uranine and rhodamin B, that emitted green and yellow fluorescence respectively, upon exposure to a halogen light sheet source, flowed out of the pinholes on the suction surface. The colored streaklines were captured by a 30-frames/second digital video camera. In a pitching motion, rotating motions of a DC servomotor were transmitted to the airfoil directly. In a heaving motion, on the other hand, rotating motions of a DC servomotor were changed into heaving motions via a ball screw. The dye flow visualization revealed the streakline of an unsteady separation on the suction surface.
2 Schlieren visualization system
The schlieren visualization apparatus consisted of a low-speed wind tunnel, equipment for driving pitching and heaving motions, a test airfoil, and a schlieren visualizing system with a 4 500-frames/second high-speed camera, as shown in Fig. 3 . We tested two types of airfoils, The schlieren visualizing system had a He-Ne laser (5 mW) as a light source, a condensing lens, a pinhole, two reflectors, a concave mirror of 0.3 m in diameter and 3.0 m in focal length, a plane mirror, a knife edge and a camera lens (8) . In order to visualize the difference in the densities of the airflow around the test airfoil, the center area of the surface was painted black and heated to 373 K using a halogen light and two illumination lights. Schlieren visualization showed discrete vortices shed from the leading edge.
3 Experimental conditions
Pitching and heaving motions were inducing by applying sinusoidal waves. In this study, the rotating center for pitching motion was the middle point of the chord axis in order to clarify basic characteristics on vortex structures around unsteady airfoils. The Reynolds number based on the chord length was Re = 4 000 in both experiments. The nondimensional pitching rate k in the pitching airfoil was in the range from 0.002 to 0.377 in both experiments. The mean attack angle was α m = 16, 30 or 60 deg. The pitching amplitude A was fixed at ±5, 6, 10 or 30 deg. The nondimensional heaving amplitude and the nondimensional heaving velocity in the heaving airfoil were h = 0.1 and V h = 0.126, respectively. The mean attack angle in the heaving airfoil was α m = 16 deg. At a much lower nondimensional pitching rate, the separation streakline shed from the leading edge and sep- arations occur completely on the suction surface, as shown in Fig. 4 . On the other hand, at k = 0.377, the streakline shed from the leading edge was attached to the front half of the suction surface at the bottom dead-center position, as shown in Fig. 5 (a) . As the attack angle increased from the bottom dead-center position, the streakline became unstable, as shown in Fig. 5 (b) . Then, vortices with strong clockwise rotation were shed from the leading edge into a separation region and the unstable streakline was immediately reattached to the suction surface. As a result, a recirculation region was formed on the suction surface. It grew until the attack angle reached the top dead-center position and covered the center region of the suction surfaces, as shown in Fig. 5 (c) . As the attack angle decreased from the top dead-center position, the streakline separated from the suction surface and flowed out toward the wake. Figure 6 shows streaklines on pitching BTE at k = 0.377. Figure 6 (a)-(d) shows results for α = 10 deg., 18 deg., 22 deg., and 18 deg. in one pitching cycle, respectively.
As the attack angle increased, vortices with strong clockwise rotation suddenly appeared from the leading edge and formed a recirculation region on the suction surface, as shown in Fig. 6 (b) . The separation streakline was attached as far as the trailing edge behind the reattachment point. As the attack angle increased, the recirculation region grew gradually and covered the suction surface fully at the top dead-center position, as shown in Fig. 6 (c) . Then, the recirculation region was maintained until the attack angle decreased to α = 20 deg. The region separated from the suction surface at α = 20 deg. and a large-scale separation occurred from the leading edge. Figure 7 shows streaklines on heaving NACA65-0910 at V h = 0.126. Figure 7 As the heaving displacement decreased from the top dead-center position, vortices with strong clockwise rotation were shed from the leading edge and the streaklines reattached to the suction surface immediately, as shown in Fig. 7 (b) . As a result, a recirculation region was formed on the suction surface, the same as in the case of the pitching airfoil, as seen in Fig. 5 (c) . The length of the recirculation region was half the chord length.
It is well known that a reattachment phenomenon is usually observed with the transition from a laminar boundary layer to a turbulent boundary layer and that a laminar separation occurs in a low Reynolds number region. However, the reattachment phenomenon was observed around pitching and heaving airfoils with high nondimensional pitching rates and nondimensional heaving velocities even in a low Reynolds number region. Moreover, the dynamic behaviors of streaklines shed from the leading edge depend on the airfoil configuration. When the nondimensional pitching rate was extremely low, as in the case of k = 0.002 in Fig. 8 , the vortices form a line on the integrated streaklines of the shear layer separated from the leading edge. In the enlarged view, it is seen that small discrete vortices are generated continuously at short intervals near the leading edge, the appearance of which is like to a chain.
2 Discrete vortices shed from leading edge on unsteady airfoils
At a higher nondimensional pitching rate, as in the case of k = 0.377, the discrete vortex scale became large because the discrete vortices, as shown in Fig. 8 , were excited by the pitching motion of the airfoil. The discrete vortices were generated near the center of the suction surface at the bottom dead-center position, as shown in Fig. 9 (a) . The positions of vortex generation coincided with those of the separation point shown in Fig. 5 (a) . As the attack angle increased, the position shifted to the leading edge and the vortices moved along the suction surface, as shown in Fig. 9 (b) . The streakline was unstable under these conditions, as shown in Fig. 5 (b) . These findings reveal that the instability of the streakline correspondings to the generation of discrete vortices. At the top dead-center position, as shown in Fig. 9 (c) , two discrete vortices gen- suction surface includes two discrete vortices. As the attack angle decreased, these vortices separated from the suction surface and flowed out to the wake. Figure 10 shows the discrete vortices shed from the leading edge on pitching BTE at k = 0.377 and α = 16 ± 6 deg. Figure 10 (a)-(d) shows results for α = 10 deg., 18 deg., 22 deg. and 18 deg. in one pitching cycle, respectively.
As the attack angle increased, discrete vortices were generated one after another from the leading edge as shown in Fig. 10 (b) . These vortices moved along the suc- Fig. 10 (c) , four discrete vortices can be seen in the recirculation region on the suction surface of the pitching BTE. Figure 11 shows discrete vortices shed from the leading edge on heaving NACA65-0910 at V h = 0.126, α m = 16 deg. and h = ±0.1. Figure 11 Similar to the pitching airfoil, small discrete vortices were shed discretely from the leading edge in a heaving airfoil. At the bottom dead-center position, as shown in Fig. 11 (c) , the vortices generated at the leading edge reattached to the suction surface of the heaving airfoil. Unlike the result shown in Fig. 7 (c) , the recirculation region consisted of two discrete vortices, the same as in the case of pitching NACA65-0910.
Upon comparing these results with the streakline results, we see that, in the case of NACA65-0910, two discrete vortices formed a recirculation region with a length of half the chord length in Figs. 5 (c) and 7 (c) . On the other hand, in the case of BTE, four discrete vortices formed a recirculation region with a length equal to the full chord length, as shown in Fig. 6 (c) . These results clarified that scales of discrete vortices shed from the leading edge were approximately one-fourth the chord length and they were independence of airfoil configurations under our experimental conditions. The lengths of recirculation regions are strongly related with the number of discrete vortices induced in these regions. Figure 12 shows the number of discrete vortices shed from the leading edge counted in one pitching cycle on pitching airfoils at various mean attack angles and pitching amplitudes.
3 Number of vortex sheddings in one pitching cycle
Curved lines are obtained from each set of experimental results. This suggests that the number of vortex sheddings in one pitching cycle strongly depends on the nondimensional pitching rate and is independent of airfoil configurations, mean attack angles and pitching amplitudes. At a low nondimensional pitching rate, a number of discrete vortices are shed from the leading edge and they seemed continuous, with an appearance similar to a chain. At a high nondimensional pitching rate, on the other hand, the number of discrete vortices shed from the leading edge is small, however, discrete vortices shed from the leading edge are clearly seen. The results presented above revealed that a number of discrete vortices were shed from the leading edge at a low nondimensional pitching rate in a pitching airfoil, however, their scale was extremely small. At a high nondimensional pitching rate in a pitching airfoil, on the other hand, the number of vortices shed from the leading edge in one cycle was low. However, their scale was approximately one-fourth the chord length independent of the airfoil configuration.
Concluding Remarks
In order to clarify vortex structures and vortex scales on an unsteady airfoil in a low Reynolds number region, we visualized the flow around unsteady airfoils, such as a pitching airfoil and a heaving airfoil, at Re = 4 000 using two visualization techniques, dye flow and schlieren visualizations.
Small discrete vortices were shed from the leading edge one after another in a pitching airfoil and a heaving airfoil in a low Reynolds number region. Discrete vortices were visualized clearly when the nondimensional pitching rate in a pitching airfoil and the nondimensional heaving velocity became high.
The number of vortex sheddings from the leading edge in one pitching cycle on a pitching airfoil strongly depended on the nondimensional pitching rate but was independent of airfoil configuration, mean angle of attack and pitching amplitude.
With a low nondimensional pitching rate of the pitching airfoil, a number of discrete vortices were shed from the leading edge and their scale was markedly small. At a high nondimensional pitching rate in a pitching airfoil, on the other hand, the number of vortex sheddings from the leading edge in one cycle was low. However, their scale was approximately one-fourth the chord length independent of the airfoil configuration. Moreover, these vortices formed recirculation regions on the suction surface.
